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ABSTRACT

In support of work sponsored by the Office of Vehicle and Engine R¥U of
the Department of Energy, a relative safety assessment of alternative gaseous
aind reference liquid fuels utilized for light automotive transportation in
the public sector was completed. The specific fuels considered were com-
pressed natural gas (CNG), liquefied natural gas (LNG), liquefiea petroleum
gas (LPG), and the liquid fuels, gasoline and diesel. The assessment method-
ology describes and develops the relative hazards of these fuels from an
integrated generic physicochemical property and accident scenario point of
view. A technique involving a method of eliciting expert judgment combined
with a comparative scoring methodology was applied inestablishing fuel rela-
tive safety rankings. Limitations of this type of assessment are discussed.

Selected accident scenarios included fuel lealage in both residentidl
ana public garages; fueling line rupture at a refueiing station in the pres-
ence of user vehicles or delivery vehicles; ana vehicle collisions under
rural, urban, ana vehicular tunnel conaitions.

Overall, the results obtained demonstrate dependency upon the specitic
application or scenario. Gaseous fuels have increased relative risks in
certain situations and are relatively safe in others. The results sugygest
that alternative gaseous fuels are not disqualified tor public usage. The
assessment aiso provices rationale for the development of selected safe
handling criteria and recommendations.

1. INTRODUCTION

Public accentance of alternative transportation fuels in the United
States (US) 1s contingent not only upon the requisite technical, environ-
mental, and economic factors but also upon demonstration through adequate
assessment, testing, and operational experience that the intrinsic risk is
either equivalent to or less than that associated with energy carriers, e.g.,
gasoline, diesel fuel, presently in common use. Public safety concerns inev-
itably arise when new systems and the necessary supporting intrastructures
are to be established, particularly wherc wide geugraphical distribution and
handling by significant numbers of people will be required.

Alternative fuels for automotive transportation were considered for meny
years and n fact were used in the US, albeit in minor quantities. tvents,
both national and international over the past decade, have rekindled interest



in large scale utilization of these fuels. Over time, reasons such as those
listed provided the necessary impetus to proceed with further development.

reduction of harmful exhaust emissions

escalation of conventional fuel costs

reduction of petroleum imports

reduction of crude petroleum suppiy due to embargo or acts of war
various technical advantages .

0000

In support of work sponsored by the Office of Vehicle and Engine R&0D of
the US Department of Energy, a relative (comparative) safety assessment of
selected gaseous fuels for use in light-duty automotive transportation vehi-
cles was undertaken by the Los Alamos National Laboratory. The specific fuels
considered were CNG, LNG, LPG, and as reference, gasoline and aiese: fuel.

¢. PURPOSE

The purpose of the assessment is to put into perspective the potential
hazards of the gaseous fuels relative to the reference fuels, gasoline, and
diesel fuel that are usea virtually exclusively in today's automotive market.
The assessment addresses an R&D activity identified by the Congress in
Section 6(3) of P. L. 96-512, The Methane Transportation Research, Develop-
ment, and Demonstration Act of 1980.

It is well known that most hazardous materials can be handled, trans-
ported, and used given appropriate design engineering and attention paid to
the necessary safety rules and regulations. Thus, fuels that may be ranked
more hazardous than others for specific applications need not be eliminated
from general use. Instead, establishment of criteria (experimental, engineer-
ing, or regulatory) for safe handling and operation can ensure integration of
the specific fuel into the transportation sector. An aaditional purpose ot
this assessment thorefore is the establishment of these safety criteria.

3.  GENERAL ASSUMPTIUNS

In the US, fleet-operated passenger car, light truck, and van vehicles
are presentlv the prime users of gaseous (alternative fuels).

To evaluate the impact ot major public usage of the gaseous tuels, it is
necessary to consider the future whereby a significant increase in gaseous
fuel usage becomes the norm. Therefore, certain general assumptions were
made in the analysis that serve as background and are applicatle to the acci-
dent scenarios chosen. These include:

o several million venicles operating on varitus; gaseous
(alternative) fuels will be on the nation's highways.

o such vehicles will be operated by the public and are indi-
vidually controlled.

o vehicles will be designed for mono-tuel operation.
o mecharnical operation of the vehicle will be reasonably

similar to present day operation so as to minimize perturba-
tions to society's acceptance ot these vehicles.



o habits of the public with respect to such practices as park-
ing, driving, and refueling will be reasonably similar to
present day practices.

4, GENERAL ASSESSMENT METHODOLOGY

Safety assessments represent a blending of technical data, expert judg-
ment, prescribed assumptions or conditions, selected analytical methodologies,
and where possible, some historical statistica)l information on similar type
systems. The concept of "blending" and the information obtained generally
requires the integration of various expert group activities. Such an approach
was utilized in this study. The assessment however does not include compo-
nents of the more rigorous risk management approach, e.g., a discussion of
the potential for hazard mitigation or preventability. This is beyond the
scope of this study.

The overall methodology is basically conventional to the point of the
actual judgmental and analytic portions of the assessment. The methodology
describes and develops the relative hazards of the specific fuels from a
combined generic technical property-scenario point of view. A computerized
reference literature survey was made to provide initial background information
for the study and to maintain reference to any new developments during the
course of the study. The survey was augmented by organizational contacts
through telephone, mail, personal discussion, and attendance at certain fuel
technology meetings.* Pertinent vehicle accident data and existing safety
test data for gaseous-fueled vehicles were reviewed. Selected physicochemi-
cal property data were compiled. These property data provided the unaerlying
technical base for the analysis and were used individually, in comhination
with one another, or in combination with certain engineering parameters.
Specific and plausible accident scenarios were selected.

The 1interactive group method was used to elicit expert judgment in
developing the relative safety rankings for the fuels. The interactive group
methoa involved a multidisciplinary group of persons (panel of experts) whe
met face-to-face and who were allowed to respond spontaneously to questions.
The questions concerned the likelihood of an event such as a fuel explosion
occurring given a particular fuel's physical properties and a vehicle accident
scenario. The group members' Jjudgments, their estimates of 1ikelihood, were
used as data input to the analysis model to illustrate the relative risks
posed by each of the five fuels under selectcd conditions. <C(redentials ot
the judgment panel have been listed and further details of the group method
described [1].

Fuel relative safety rankings were determined using a comparison tech-
nique, basically a scoring methodology, the description, mathematical basis,
and limitations of which have been presented elsewhere [1]. This methoaology
was used in contrast to a more rigorous risk analysis whereby, for example,
probabilities would be determined for (a) a gaseous-fueled vehicle accident
occurring (this is basically the same as for a petroleum-fueled vehicle), (b)
release ot gaseous fuel in an accident, and (c) increase/decrease of tatalit-

*Nonpetroleum Vehicular Fuels Ill Symposium, Institute of Gas Technology,
Arlington, VA (October 12-14, 1982) and Twentieth Automotive Technology
Development Contractor Coordination Mtg., US DuUE, Dearborn, MI (uUctober
25-28, 1982).



jes, injury, or damage. Data to support the more rigorous risk analysis is
minimal or does not exist and is difficult and time-consuming to obtain with
subsequent increase in cost.

5.  ASSESSMENT LIMITATIONS
Certain general limitations apply to this assessment.

o The assessment is restricted to consumer or end user Situa-
tions only as opposed to a total safety assessment.

o The assessment expresses the safety of the gaseous and liquid
fuels based upon the relative expectation of creating the
primary hazards, fire, explosion, and physiological damage.
The assessment does not aadress the potential end results
(severity) of these hazards, specifically fire and explosion
material aqamage, injuries or fataiities, and numbers of
phvsiologically induced injuries or fatalities.

0 The assessment represents a generic approach to determining
the relative safety of the gaseous fuels through the examin-
ation of the physicochemical properiies of the fuels and a
select few engineering parameters under the constraints
imposed by selected accident scenarios. A limitation,
therefore, is that additional hazards or the mitigation of
hazards introduced by specific ana detailea design engineer-
ing technology are not completely addressed.

o The results obtainea permit ¢<>fety rankings to be ascertainea
for the fuels within each scenario and apply only to that
specific scenario. It must be stressed that the rankings
obtained are relative to one another within the given
scenarios. Numerical wvalues obtained should not be
considered as absovlute likelihoods of occurrence or risk.

o It should be stressed that the primary hazard categories
were chosen to assist in the analyses. Their existence does
not suggest or Juarantee that they will indeed become a
reality.

o The combined expert group Jjudgment approach anua scroring
methodology has certain precision limitations.

6. PHYSICUCHEMICAL PROPERTY DATA AND HAZARD IDENTIFICATION

The relative safety assessment of the alternative gaseous tuels relies
upon a technical base of selected fundamental physicochemical properties as
well as certain design engineering parameters. Properties are listed in
Table 1. In aadition, a set of composite or modified properties were intro-
duced primarily to take into account the constraints of the various accident
scenarios and to minimize the explicit variables that would require consider-
atfon. These are tabulated in Table 2. Their precise definition is given in
Reference 1. Not every property listed was used in any given scenario
analysis.

For purposes of this paper, properties of natural gas and methane are
used interchangeably. Similarly, properties ot LPG and propane are used
interchangeably.



TABLE 1. Selected Physicochemical Properties of Alternative Automotive Fuelsttt

Property

Flamability limits, vol. £ in air
Detonabdility limits, vol. % in air
Minimm fgnition energy in air, mJ
Autoignition temperature, K(9F)

Emergy content, lower heating value
1. Btu/gal

2. dtw/lb
Oiffusion coefficient in NTP afrt, cm/s
Density of gas relative to afr = 1.00
VYagor pressure or equivalent 11, atm
Threshold Limiting Yalue (TLY), ppm

Storage Conditions

Properties are primarily those of methane.
values therefore deviate to a smail extent from pure methane.

*Properties are primarily those of oropane.

Natural Gas*

CNG LNG LPG** Gasoline Diesel Fuel**»
5.3 - 15.0 - 2.1 - 9.5 1.0 - 7.6 0.5 -~ 4.1
6.3 - 13.5 - 3.1- 1720 1.1 - 3.3 .~--
0.29 - 0.27 0.24 0.3 (=st.)
813 (1004) --- 730 (855) 501 - 744 533 (500)
(442-880)
19 760 @ 2400 76 300 @ NuP, 82 450 116 400 (AV) 129 400 (AY)
psi, 294 (70) 1 atm
21 300 21 300 19 70 18 900 (AY)
(60° API) 18 310 (AV)
0.16 -—- 0.10 0.05 -—-
0.555 --- 1.56 3.4 >4.0 (est.)
1 | 1 0.6 - 0.8 @ 0.0005 ¢ 3N
311 (100) (100)(calc.)
asphyxiant asphyxtiant plus 1000 500 500
cryogenic burn
Compressed Gas @ Liquid @ Liquid @ Liquid @ Liquid @
2400 - 3000 psig 25-60 psig 105-140 ambient T4P ambient T4P
psig

For automotive agplication, only the special grade HD-5 is suitable.

***progerties refer to Grade Bo. 2 diesel fuel.

tNTP equals 293.15 K (689 ) and one atmosphere; N8P equals normal boiling point.

It is recognized however, that natural gas sources vary in composition. Property

t*For gaseous fuels, refers to “equivalent vapor pressure” when released from high pressure storage container, or maximum possible

pressure in ambient enviromment.

1t Detalled references for these numerical values are given in Reference 1.



Table 2. Selected Modified Properties

Contact Temperature Fluidity

Delivery Pressure Persistence

Dispersion Specific Energy Release
Equivalent Vapor Pressure Storage Pressure

Fuel Dicpersion Heat Capacity (system)

Three categories of hazard were identified and defined as primary haz-
¢rds. They included fire, explosion, and physiological damage.

The generic term physiological damage encompasses & number of effects
including (a) general toxicity due to oral ingestion, inhalation of fuel or
combustion products (smoke and gases) and skin contact; (b) asphyxiation; (c)
high temperature burn; (d) cryogenic (low temperature) burn; and (e) physical
injury due to explosion, over-pressure, and flailing hoses.

The primary hazards form the basis tor the generation of a set of uncer-
tainty nodes in event sequences that are subsequently analyzed to determine
relative safety.

The specific relationships between the primary hazards and the proper-
ties of the fuels have been discussed in significant detail previously [2,3,4].

7. PRELIMINARY RELATIVE SAFETY RANKINGS

Preliminary relative safety rankings we—e generated based upon compari-
sons of selectea individual property data. Only qualitative results are
obtainabl2 and are of a variable and general nature. It is emphasized that
these rankings are based solely upon isolated technical data without the
appropriate weighting of such factors as the practical importance of one
property over another and the effects of various external constraints, for
example, confinement or engineering technology. Although an understanding of
property-hazard relationships is obtained, the rankings cannot be extended to
predict the safety of gaseous-fueled vehicles in actual operation. The rank-
ings confirm the results of previous qualitative studies [3,4].

8. ASSESSMENT OF ACCIDENT DATA FROM VEHICLES USING ALTERNATIVE FUELS

Current US accident statistics for alternative gaseous fuel-powered
vehicles both private and fleet-operated suggest that tne overall safety
record is good. Similarly, but admittedly without the benefit of detaiied
data, the overall safety record in varjous foreign countries is impressive.

There are some problems encountered however, when making direct compari-
scns to 1iquid fuel-powered vehicles. The number of gaseous-fueled vehicles
and their corresponding operational mileage is still very small relative to
the huge numbers of vehicles using liquid fuels. Un a rigid statistical
basis, the observation that very few fire and explosion accidents were
encountered to date may be statistically minor or insignificant,

In the US, an additional bias exists because CNG-powered vehicles are
operated almost exclusively in the fleet mode. For most fleets & high degree
of maintenince, centralized vehicle control, training of operators, and good
record keeping are part of the fleet's advantage in operation. Thus, statis-
tics derived from fleet operation do not necessarily transfer over or are
equivalent to those generated by the driving public.



The general lack of significant amounts of gaseous fuel-powered vehicle
accident data creates difficulty in assessing the relative safety of these
vehicles. In a real sense, there are problems in utilizing rigorous quanti-
tative analysis methods that require such data. Indeed, such data paucity
was a contributing factor in the decision to use the expert group judgment
approach.

9. ASSESSMENT OF VEHICLE SAFETY TESTING

Large-scale safety testing and risk analysis of both US and foreign
gaseous-fueled vehicles have been minimal. Although US fleet and Italian
public operation suggest a low level of concern, questions still exist as to
safety, especially for large-scale public operation in the US. Although some
vehicle and component testing are done by manufacturers, the test information
is generally proprietary and hence unavailable. With respect to those tests
conducted in the United States, the available test data are probably obsolete
due to the introduction of "unit-body" vehicular construction over the past
decade. Recent full-scale impact testing has been done in The Netherlands
and Canada [5,6].

The lack of significant amounts of data pertaining to accidents has a
parallel with respect to vehicle safety and fire testing. Minimal data exists
and in some areas s obsolete. As noted previously, such data paucity was
again an additional contributing factor in the decision to use the expert
group Jjudgment approach.

10. ACCIDENT SCENARIO SELECTION

To assess the potential hazards due to gaseous-fueled vehicle operation
and determine the relative safety rankings for the fuels, it is necessary to
introduce additional factors that will assist in the discrimination between
fuels. The selection and analysis of events within accident scenarios is one
method of accomplishing the above.

Scenarios were chosen to represent situations similar to those in exis-
tence at present and of interest Lo the user or vehicle owner. Should the
large number of vehicles envisioned utilizing alternative fuels materialize,
actual operational habits may indeed be different.

These scenarios are considered to Le credible in major detail. Tnere
are however, a number of detailed and specific assumptions associated with
the individual scenarios. In certain cases, these assumptions may conceiv-
ably create worst case situations.

The scenarios chosen include:
o Parking and storage/enclosed garage/fuel leakage
Case A - residential
Cese B - public
o Fuel line rupture/fuel release
Case A - user vehicle/station
Case B - delivery vehicle/station
o Vehicle collision/rural/fuel release

o Vehicle collision/urban/fuel release



o Vehicle collision/tunnel/fuel release

The major hazards considered were fire, explosion, and physiological
damage. Both immediate and delayed ignition factors were considered in the
analysis of the event sequences that produced those hazards. Comparisons
were made on the basis of equal energy loss of fuel for all fuels considered
in each scenario studied.

11. ANALYSIS MODEL FOR SCEWARIOS

Modern risk analysis techniques can assign relative numerical values to
perceived risks in a rational, reproducible, and traceable manner even for
those accident scenarios where insufficient experience exists to permit
coriventional statistical analysis [7]. These techniques generally rely on
the judgment of kno+ledgable experts.

In this study, selected accident scenarios were analyzed for three
proposed automotive fuels (CNG, LNG, and LPG) for which there is no large
body of accumulated accident experience and two conventional fuels (gasoline
and diesel fuel) for which there is a sizeable body of accident experience.
By analyzing these five fuels in parallel, the relative risks of the three
new fuels to the risks of the two conventional fuels were obtained.

The basic approach in this assessment was to construct a mathematical
model that would describe the accident scenario to the degree of necessary
detail. The scenario is initially described by an event sequence consisting
of a series of yes/no uncertainty nodes. The mathematical details of the
model and the technique of weighting are described elsewhere [1].

The specific fuel properties that influence the likelihood of a "yes" or
"no" outcome for an uncertainty node in the event sequence were then ijaenti-
fied and given appropriate weights between zero and one accoraing as to how
important the experts felt each property was in determining the outcome of
the uncertainty node. In addition, the chosen fuel properties were them-
selves intercompared and weighted as to their relative importance in contri-
buting to the outcome (yes/no) of the uncertainty node [8]. The likelihood
of a specific event occurring was calculated. Estimated precision of the
technique was considered to be plus or minus C.1.

12. EXAMPLE OF AN ACCIDENT SCENARIO ANALYSIS

As noted previously, specific and different detailed assumptions were
assigned to each scenario. The followiny brief description of a scenario, a
typical event sequence, and a set of results are given below. Other scenarios
were treated in a similar manner.

12.1. Scenario--Vehicle Collision/Rural

A two vehicle angular collision occurs on a two-way traffic rural road,
with one vehicle traveling at 60 mph. The vehicle with the specified fuel
overturns and the integrity of the fuel system is damaged, so that 90 to 100%
of the fuel is released during a 30 second time interval. Due to the nature
of the accident, ignition sources are present at &ll critical times. Since
the accident occurs in an uncongested rural area, there is ample air circula-
tion.

Figure 1 shows the event sequence which includes immediate ignition,
delayed ignition, explosion, and physiological damage.
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Fig. 1. Vehicle collision/rural/fuel release. Event sequence.

Results are shown in Fig. 2. The likelihood for fire alone is the same
for the gaseous fuels and gasoline (within data precision). Physiological
damage (burn) appears slightly more likely with LPG and gasoline than with
natural gas. The likelihood of an explosion is zero for diesel fuel, very
low for CNG and LNG, and still quite low for the non-dispersing LPG and
gasoline. For this sequence of events, CNG and LNG are safer than LPG and
gasoline. Diesel fuel is the - fest.
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13. ASSESSMENT SUMMARY

Under the constraints of this assessment, diesel fuel stands out as being
relatively and significantly safer than the other fuels.

Gaseous fuels have a significant explosion hazard relative to gasoline
in the residential enclosed garage but are safer in terms of physiological
damage. However, detailed leakage flow and mixing analysis would be required
to establish a realistic situation. A1l fuels are relatively safe in a public
garage.

For the fuelirg line rupture scenarios, the pressurized gaseous fuels
exhibit a higher relative fire hazard level. This result arises from signi-
ficant weighting given to the hazards of high pressure systems. It is also
recognized, however, that present day engineering technology can reduce such
hazards to acceptable levels of risk. No differentiation between gaseous
fuels was made in this respect. Because of the larger volume of fuel released
from delivery systems, a greater relative fire hazard exists. Analysis of
very large fuel releases from delivery trucks, pipelines, or storage tanks 1s
beyond the scope of this assessment.

With respect to collision scenarios, the rapidly dispersing natural gas
fuels are relatively safer than the liquid fuel gasoline with LPG being an
intermediate case due to a higher relative explosion hazard level. within a
tunnel gasoline poses a higher relative explosion hazard than the natural gas
fuels.

Overall, the results obtained demonstrate dependency upon the specific
scenario. Gaseous fuels have increased relative risks in some cases but are
relatively safe in others. The results obtained do not disqualify gaseous
fuels from public usage. It is here however, that engineering technology and
safety regulations should be available to ensure relative safety in actual
practice by assisting in risk reduction.

14, DEVELOPMENT OF SAFE HANDLING CRITERIA

Relative hazard levels determined from the fundamental properties can te
altered in practice through the use of engineering technology and reyulatory
mechanisms. The scenario analyses and the safety test assessments herein
suggest certain safe handling criteria that will involve these mechanisms.
These criteria may be in the form of specific devicz development, rejulations,
or recommendations for necessary research or testing from which additional
regulations may evolve. The criteria may simultaneously indicate gaps in the
information base upon which gaseous fuel usage in the future will rest. They
inc lude:

o Development of reliable gaseous fuel detection monitors.
o Maintenance of adequate ventilation in enclosed systems.

o Development and safety testing of lightweight well-designed
CNG fuel storage tanks.

o Design and i1eliability testing of excess flow, automatic
shut off, and pressure relief devices.

o Sponsoring of long-term materials corrosion research and
establishment of fuel quality standards (natural gas).



o Development of odorant for LNG.
o Initiation of full-scale safety vehicle impact testing.
o Investigation of low pressure fuel storage methods.

o Establishment and adherence to safety regulations.
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